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Introduction 
AS T U D Y of the effects of methods of water purification on loss in carrying 
c a p a c i t y of water mains was begun in 
1954 by the Illinois State Wate r Sur-
vey. Such a study was important in 
view- of the fact that carrying capacity 
of w a t e r mains can be greatly reduced 
by obstruct ions to flow of water. 
Obs t ruc t ions in water mains may be 
due to : (1) the accumulation of debris, 
such as settled turbidity or suspended 
mat te r , (2) biological slimes or growths 
on t h e pipe walls, (3) after-precipitation 
of mine ra l s left in a supersaturated state 
f rom the treatment, or (4) tuberculation 
(i.e., growths or the accumulation of 
co r ros ion products on the pipe wall.) 
A major concern in this study of 
t r e a t m e n t methods has been to deter-
m i n e modifications in wate r q u a l i t y 
w h i c h may cause or prevent tubercula-
tion. Since tuberculation is a by-product 
of corrosion, laboratory studies were 
devo ted to the study of mineral quality 
of water as related to corrosion. The 
type of water studied approximates the 
qua l i ty of Great Lakes waters . 
Steel 
T h e accelerative effect of chlorides 
and sulfates in causing corrosion is 
well known. Previous studies1 by the 
W a t e r Survey also have indicated that, 
even in the absence of calcium, bicar-
b o n a t e s inhibit the corrosion of steel. 
Furthermore, the proportion of the nat-
u ra l ly occurring bicarbonate inhibitor 
to t h e chloride and sulfate in domestic 
w a t e r s appears to be a fundamental fac-
tor in the corrosivity of w-aters at pH 
7 to 8 (Figure 1.) 
I t was found that in chloride/alkalin-
ity rat ios of 0.2 to 0.4, the specimens 
were very sensitive to other alterations 
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in quality. The presence of free chlorine 
was found to increase the corrosion rate 
of steel at chloride/alkalinity ratios of 
0.2 to 0.3 (Figure 2) . 
A method of determining the instanta-
neous corrosion rate2 of specimens was 
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developed. This method consists of de-
termining the polarization which occurs 
at extremely low magnitudes of current 
density and of empirically relating this 
parameter to w e i g h t loss determina-
tions. The authors have been extremely 
gratified to see the academic confirma-
tion of this relationship by Stern3 in 
recent publications. 
It should be mentioned also that these 
data were o b t a i n e d w i t h s p e c i m e n s 
totally immersed in 18 liters of prepared 
solutions, saturated with air at room 
temperature and with C 0 2 used to con-
trol p H . The apparatus 4 provided a con-
stant velocity of the specimens in a ver-
tical circular path. Velocities above 0.9 
fps were not used. The effect of pH on 
corrosion (or lack of corrosion) of steel 
by bicarbonate waters in the absence of 
calcium was also determined2 (Figure 
3). This effect was found to be contrary 
to the previously accepted concept5 of 
the effect of pH. The point to be em-
phasized is that these data apply only 
to wate r of specific quality tested and to 
the conditions of the test. If the cor-
rosive environment is altered, another 
relationship may occur. 
Figure 4 shows results of a more 
recent test with a water having a much 
higher chloride content than tha t shown 
in F igure 3. The general t rend of the 
data in both of these figures is similar; 
however, the corrosion rates in water 
having high chloride content are con-
siderably higher than those in water of 
low chloride content. Both of these tests 
were conducted at low velocities. 
Figure 1—Effect of CI-/HCO3- ratio of corrosion of mild steel. Alkalinity is 
shown as CaCO3. Figure 2—Effect of CI- /HCO3- ratio on corrosion of mild steel. 
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Figure 3—Effect of pH on corrosion rate of steel with 
CI-/HCO-3 = 0.2 
Figure 4—Effect of pH on corrosion rate with 
CI-/HCO-3 = 1.0 
For this particular pair of graphs, 
it also should be recognized tha t the 
alkalinity was constant at all values of 
pH . T h e Whi tman, Russell and Altieri5 
data were obtained with different con-
centrations of alkalinity and chloride at 
each p H . Figure S shows the type of 
corrosion products adhering to the steel 
specimens used to obtain the data in 
Figure 4. These pictures were taken at 
the end of the test (35 days), and the 
corrosion rates shown were final meas-
ured rates. It is interesting to note the 
increasing degree of tuberculation as the 
pH increases. 
In the presence of calcium, as might 
be expected, the corrosion of steel de-
creased wi th increasing calcium concen-
tration or with i n c r e a s i n g pH at a 
chloride/alkalinity ratio of 0.4. 
Cast Iron 
The susceptibility of cast iron to cor-
rosion is unlike steel. Cast iron contains 
graphite in a matrix of ferrite or pear-
lite and therefore is susceptible to initial 
galvanic corrosion at each graphite ex-
posure which occurs at approximately 
0.04 mm intervals. 
Modern production of cast iron pipe 
produces an outside surface primarily 
of iron oxide which serves as an excel-
lent barrier to atmospheric corrosion. 
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Figure 5—Corrosion products on steel specimens used to obtain data given in Figure 4. Samples shown 
are actual size. 
Also, the inside surface is found to be 
highly resistant to corrosion by water, 
but when this surface is machined or 
ground, the resistance disappears. In the 
absence of calcium or large concentra-
tions of corrosion inhibitors, each qual-
ity of wate r tested was found to cause 
corrosion of ground-surface cast iron. 
Grinding of Cast Iron Pipe Interiors 
It was learned, from personal plant 
inspection and correspondence, that the 
interior of all centrifugally cast pipe 
is partially ground for the purpose of 
reducing roughness prior to the applica-
tion of coal tar coating or cement lining. 
In this process, most cast iron pipe in-
teriors are ground to the extent of 10 to 
50 percent of the surface. 
Because most cast iron pipe in service 
is tar coated, it appears that tubercula-
tion in such pipe results from slight but 
significant corrosive action of partially 
inhibited water on holidays, or minute 
holes, that occur in the tar coating cov-
ering the machined areas. 
To determine the composition on the 
interior "skin" of the non-ground pipe 
surface responsibile for the remarkable 
corrosion resistance, a specimen was 
submitted to Professor W. H. Bruckner 
of the Universi ty of Illinois Department 
of Metallurgy. Figure 6 shows a micro-
photograph of an unetched mount. 
When the "skin" on the internal sur-
face of the pipe was scraped, the black 
phase between the metal surface and 
the gray phase was found to be ferro-
magnetic (Fe3O4) with a cubic structure. 
The gray phase on the exposed sur-
face, adjacent primarily to the mag-
netite, showed two or more components 
under polarized light: long needle-like 
pyroxenes of monoclinic structure as 
CaSiO3 or F e S i 0 3 (Mg or M n ) ; and poly-
hedron garnet of cubic structure, such as 
Ca3Al2 (SiO4)2 or Fe3Al2 (SiO4)2. 
It appears that this silicate "skin", 
which is highly insoluble, may provide 
an effective barrier to c o r r o s i o n by 
water. It is very brittle and therefore 
is not a completely effective barrier. 
Fur ther studies6 were d e v o t e d to 
ground-surface specimens of cast iron 
in waters containing calcium. 
Concentration of Calcium 
A broad generalization of these data 
indicates (Figure 7) that the concentra-
Figure 6—Microphotograph of an unetched mount of 
cast iron pipe showing the non-ground pipe surface. 
Original magnification, 100X; actual magnification 
after reduction for engraving purposes, 26X. 
tion of calcium in the presence of al-
kalinity is a p r i m a r y f a c t o r in the 
inhibition of corrosion of machined cast 
iron. This generalization appears to be 
evident irrespective of the saturation in-
dex for CaCO 3 solubility, of velocities 
from 0.085 to 0.85 fps, of minor varia-
tions in chloride/alkalinity ratio, or of 
the presence or absence of chlorine, 
chloramine, or silica. It also appears 
that the specimens must be exposed a 
certain length of time at these velocities 
before the inhibition occurs. 
In this generalization, representing all 
tests, there are broad variations in rates 
of corrosion (as much as tenfold for 
each level of calcium.) These variations 
will be indicated for specific modifica-
tions in water quality, first at the 125 
ppm calcium hardness level. The data 
are represented as smooth lines from 
the average rates, determined five times 
per week for triplicate specimens. 
Figure 8 shows the reduction in cor-
rosion rates with time for three degrees 
of saturation with respect to calcium 
carbonate at a low velocity of 0.085 fps. 
The decrease in rate of corrosion oc-
curred most rapidly in water at —0.1 
saturation index and least rapidly at 
—0.8 saturation index. 
The specimens in water at —0.3 satu-
ration index leveled off at a higher final 
corrosion rate than either of the other 
two previously mentioned. It should be 
indicated that the specimens at this 
saturation index showed small dark red-
dish spots or growths surrounded by an 
over-all whitish red deposit, even prior 
to the addition of chlorine, and these 
spots continued to form tubercles. Simi-
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Figure 7—Generalized summary of data showing the effect of calcium, with alkalinity, on the corrosion of 
machined cast iron. Alkalinity was 125 ppm (as CaCO3) and velocity range was 0.08 — 0.85 fps. Tests were 
made at room temperature. 
Figure 8—Corrosion rate variation with time for 
machined cast iron at 0.085 fps. 
Figure 9—Corrosion rate variation with time for ma-
chined cast iron at 0.34 fps. 
lar growths , but to a lesser extent, de-
veloped on the specimens in water at 
—0.1 saturation index. 
The effect of adding 56 ppm sodium 
chloride increased the corrosion rate. A 
later illustration shows that the simul-
taneous reduction of saturation index 
was not responsible for the increase in 
rate at this high calcium level. 
The single addition of 5 ppm SiO2 
after 17 days had no apparent effect on 
the corrosion rate. No at tempt was 
made in this test to maintain this con-
centration. 
Figure 9 provides similar data at 0.34 
fps, but with chloramine present rather 
than free chlorine. The more rapid re-
duction of corrosion rate and the lower 
final corrosion rates testify to the effec-
tiveness of greater velocity to improve 
the diffusion rate of calcium as the in-
hibitor. Reducing the saturation index 
had no effect on the corrosion rate with 
this relatively high calcium content. 
Tubercles, similar to those occurring 
when free chlorine was present, were 
noted in the —0.3 saturation environ-
ment, but they were smaller in size and 
number. 
The effect of adding 56 ppm sodium 
chloride after 36 days is clearly demon-
strated. 
Relative Influences 
The r e l a t i v e influences of calcium 
concentration, s a t u r a t i o n index, the 
chloride to alkalinity ratio, and chlo-
rine were further investigated. The re-
sults of four test c o n d i t i o n s using 
waters of 30 ppm calcium hardness are 
indicated in Figure 10. These specimens 
showed tuberculation in all cases, with 
or without chlorine or chloramine, and 
were similar in appearance to the speci-
mens in water of 125 ppm calcium hard-
ness at —0.3 s a t u r a t i o n index, in 
Figures 8 and 9. 
Although the calcium concentration 
was lower, the rate of corrosion after 
one day was less than that when 125 
ppm calcium hardness was present since 
the velocity was greater and the pH 
higher. The rate of approach to equilib-
Figure 10—Corrosion rate varaition with time for 
machined cast iron at 0.85 fps. 
Figure 11—Corrosion rate variation with time for 
machined cast iron at 0.085 fps. 
Figure 12—Corrosion rate variation with time for ma-
chined cast iron at 0.34 fps. 
rium is slower than when 125 ppm cal-
cium hardness was present. 
Recent data provide results for water 
with 85 ppm calcium hardness and a 
0.29 ( C l + S O 4 ) / a l k a l i n i t y ratio. Various 
proport ions of chloride and sulfate were 
used, but in these tests, no different 
rates of corrosion or degree of tuber-
culation were noted with sulfate than 
with c h l o r i d e . The d a t a have been 
grouped by velocities: 0.085 fps, 0.34 
fps, and 0.85 fps. The results show the 
same general trend as exhibited in the 
data shown in Figures 8 and 9. 
At the low velocity (Figure 11), the 
specimens in the water at zero satura-
tion index had a faster rate of decrease 
and ended at a lower final rate of corro-
sion than those in waters of either the 
—0.3 or —0.8 saturation index. After 82 
days, the saturation index was made 
more positive in two of the four solu-
tions at —0.8 saturation index. There 
was an immediate decrease in corrosion 
rate for the change to both zero and 
—0.3 saturation index with this water of 
low calcium concentration. 
At the intermediate velocity (Figure 
12), the s p e c i m e n s generally had a 
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Figure 13—Typical corroded surfaces of cast iron specimens used to obtain data 
in Figure 12. Specimens are shown before and after cleaning. 
Figure 14—Corrosion rate variation with time for machined cast iron at 0.85 fps. 
slightly greater decrease of corrosion 
rate than at the low velocity. For an 
undetermined reason, the specimens in 
water at —0.8 saturation index reached 
their equilibrium rate much quicker 
than did the specimens in waters at 
either the zero or —0.3 saturation index. 
The zero saturation index, however, pro-
vided the lowest final rate of corrosion. 
A change in saturation index after 82 
days from —0.3 to —0.8 resulted in an 
increase of the corrosion rate, whereas 
a change in the positive direction to 
zero saturation index resulted in a de-
crease of the corrosion rate. 
Typical specimens for the three de-
grees of saturation index with respect 
to calcium carbonate are shown before 
and after cleaning in Figure 13. 
Specimens at the high velocity (Fig-
ure 14) had lower initial corrosion rates. 
However they had a slower ra te of ap-
proach to equilibrium, similar to the 
results shown previously in Figure 10. 
A change from zero to —0.8 saturation 
index after 82 days resulted in an in-
crease in the corrosion rate. T h e change 
from zero to —0.3 saturation index ap-
parently was not significant enough to 
change the corrosion rates. 
The specimens in water at —0.8 
saturation index showed primarily a 
general corrosion attack as did the spec-
imens in tests at the other velocities 
and at 125 ppm calcium hardness. 
The s p e c i m e n s in w a t e r a t —0.3 
saturation index had a rough surface of 
corrosion products. Tubercles occurred 
over the entire surface of the specimen. 
The specimens at zero saturation in-
dex exhibited corrosion products similar 
to those occurring in water at —0.3 
saturation index; however, there were 
fewer and less pronounced tubercles. 
Discussion. 
1. It has been established that bicar-
bonate in the absence of calcium is a 
mild, although effective inhibitor to cor-
rosion of steel, as contrasted to the ac-
celerative effect of chloride and sulfate 
anions. Alkalinity, a measure of bicar-
bonates. exerts a singular or indepen-
dent inhibiting effect on corrosion. 
2. It also has been established that cal-
cium hardness, independent of the satu-
ration index, is a mild, although effec-
tive inhibitor to corrosion. It is probable 
that this is the case only in the presence 
of alkalinity. 
3. The finding that c a l c i u m in the 
presence of alkalinity, regardless of pH 
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or saturation index, is an effective in-
hibitor to corrosion is not inconsistent 
with theory and experience. This is be-
cause t he basic corrosion reaction is 
conducive to the formation of calcium 
carbonate at the cathode points in the 
corrosion cell even though the water 
environment is below saturation with 
respect to calcium carbonate. T h e rate 
at which such deposition may t ake place 
is increased by higher concentrations of 
calcium and/or presumably the alkalin-
ity. T h e rate of deposition also is in-
creased by higher velocities. T h e ra te 
is further increased by pH adjustment 
at or above the saturation pH for cal-
cium carbonate. 
4. The finding that t u b e r c l e s form 
under conditions below, but near, com-
plete protection is consistent with the 
well-known action of inhibitors to in-
duce pit t ing corrosion, ra ther than gen-
eral corrosion, when present in a con-
centration that is insufficient to produce 
complete protection. This relation is 
confirmed by the observation of pitting 
corrosion or "deferrotization" on the 
specimens which showed tuberculation. 
The fact that tubercles do form appar-
ently is due to the deposition of a sup-
porting structure of calcium carbonate 
with or in the normal corrosion product 
of ferric hydroxide in aerated waters . 
If the saturation index is not suffi-
ciently close to zero or the concentrations 
of calcium and/or alkalinity are too low, 
a supporting structure may not be de-
veloped, although appreciable protection 
may be afforded by calcium carbonate 
imbedded in the rust deposit from gen-
eralized corrosion. It was observed on 
specimens in waters of —0.8 saturation 
index wi th high calcium at pH 6.8 
(Figures 8 and 9) that the specimens 
were coated with a whitish red deposit 
of sufficient thickness (about 1/16 inch) 
and rigidity to continue to adhere even 
though this deposit w-as cracked for 
distances of one-half inch. There were 
no pits under this deposit and it served 
as an effective barrier to the diffusion 
of oxygen and other corrosive agents. 
Conclusions 
1. As deduced from the data derived 
from these tests, the corrosivity of air-
saturated domestic waters is dependent 
on: (a) the proportion of c o r r o s i v e 
agents to the inhibitive agents, (b) the 
concentration and degree of effectiveness 
of the corrosive and inhibitive agents and 
(c) the velocity of flow which influences 
the rates of diffusion of both the corro-
sive and inhibitive agents to or through 
the protective surface. 
Corrosive agents in domestic waters 
are chloride and sulfate ions. Inhibitive 
agents in domestic waters are bicar-
bonate, carbonate, hydroxide, and cal-
cium ions. The relative effectiveness of 
each is not definitive and may be in-
fluenced by one or more of the others. 
It is axiomatic that for each specific 
condition, a minimum concentration of 
the inhibitor must be present for com-
plete protection. 
Increasing velocity provides increas-
ing protection with low proportions of 
corrosive agents to inhibitive agents. 
On the other hand, with increasing 
velocities, as this proportion increases, 
the degree of protection decreases. 
2. The i n t e r m e d i a t e proportions of 
corrosive to inhibitive agents, which re-
sult in incomplete protection at a partic-
ular velocity, are conducive to pitting 
and/or tuberculation. The problem of 
designing water treatment to avoid tuber-
culation of cast iron is limited to such 
waters as already contain inhibitors, 
but which are in concentrations which 
are insufficient to provide complete pro-
tection. The problem is jointly con-
cerned with maintaining or creating a 
velocity of flow which is sufficient to 
provide adequate diffusion, transport , or 
movement of the inhibitor to the point 
of effectiveness. 
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